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TECHNICAL NOTE 4150

APPROXTMATTIONS FOR THE THERMODYNAMIC AND TRANSPORT
PROPERTIES OF HIGH-TEMPERATURE ATR

By C. Frederick Hansen

SUMMARY

The thermodynemic and transport properties of high-temperature air
are found in closed form starting from approximate partition functions
for the major components in alr snd neglecting all minor components.

The compressibllity, energy, entropy, the specific heats, the speed of
sound, the coefficlents of viscosity and of thermal conductivity, and

the Prandtl numbers for alr are tebulated from 500° to 15,000° X over a
range of pressure from 0.0001 to 100 atmospheres. The enthalpy of air

and the mol fractions of the major components of ailr can easily be found
from the tabulated values for compressibility and energy. It is predicted
that the Prandtl number for fully lonized air will become small compared
to wmity, the order of 0.01, and this Implies that boundary lsyers in

such flow will be very transparent to heat flux.

INTRODUCTION

It is axiomatic that the science of serodynamics must be hased on -
a good understanding of the atmospheric medium through which vehicles
are to fly. Under subsonic flight conditions, air may be trested as an
ideal gas composed of rigid, rotating diatomic molecules. The thermody-
namic properties of such a gas are well known end they are accounted for
in the gas flow equations by the famillar ratioc of specific heats, which
in this case is a constant. Under supersonic flight conditions, air may
be raised to temperatures where the molecules can no longer he treated
as simple, rigid rotators. At relatively low supersonic speeds, vibra-
tilonal energy is excited and then the specific heats become functions of
temperature. However, both the thermodynamic and transport propertiles
of air in vibrational excltation can be predicted with fair accuracy by
the methods of quentum statistics and kinetic theory (ref. 1), and the
air-flow relations can be modified accordingly. BEggers (ref. 2) has
calculated the effects of vibrational .energy on the one-dimensional,
inviscid flow of diatomlc gases, for example.

Further changes in air properties may occur at still higher flight
velocity. Flight velocities of practical interest have now increased
from low supersonic speeds to the escape velocity, 37,000 feet per second,
Vehicles which travel at these hypervelocities exelte the alr to such
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high temperatures that the molecules not only vibrate but may dissociate
into atoms and even lomize. Under these conditlons, the behavior of air
deviates widely from that of an idesl gas and the thexrmodynsmic and trans-
port properties all become functions of pressure as well as of tempera-
ture. It is, of course, essential to evaluste these functions in order
to calculate the pattern of air flow about high-speed vehicles, the vis-
cous and pressure forces which result, and the heat flux which occurs
between the alr and the vehicle.

The equilibrium thermodynasmic propertles of a gas can be calculated
with great confidence, provided the energy levels of the gas particles
end the degeneracy of these levels are known. For monsgtomic and distomic
gases this information can generally be deduced from spectroscopic data
with such accuracy that the calculated thermodynamic properties can be
trusted to very high temperatures, even where experimental confirmstion
is lacking. In the case of air, however, one of the important energy
terms was not known with confidence wmtil recently, namely, the dissocia-
tion energy of molecular nitrogen. This uncertainty arose because the
avallable spectroscopic data were consistent with two different models
for nitrogen dissoclation, one leading to a dissoclation energy of T7.37
electron volts per molecule and the other to 9.76 electron volts per
molecule. At first, the lower value was widely accepted as the most
probable one (Herzberg, ref. 3). Krieger and White (ref. 4) and
Hirschfelder and Curtiss (ref. 5) have published tables of thermodynamic
properties of high-temperature air based on this value. Gaydon (ref. 6)
was perhaps one of the filrst advocates of the view that the higher value
was the correct one., Subsequently a number of experiments were performed
which confirmed Gaydon's opinion, among them. the megsurements of strong
shock waves In nitrogen msde by Christian, Duff, and Yarger (ref. 7) end
the detonation studies made by Kistlakowsky, Knight, and Malin (ref. 8).
This rendered the work of references 4 and 5 obsolete, but shortly there-
after Gilmore (ref. 9) computed the chemical composition, energy, entropy,
compressibility, and pressure of alr as functions of temperature and den-
gity based on the higher value for the dissocistion of nitrogen. Later,
Hilsenrath and Beckett (ref. 10) published s similar table of these prop-
erties, but in much smaller increments of temperature and density. The
caleculations in both of these references (9 and 10) are highly refined
in the sense that they not only sccount for the major components of alr
and their most significant energy states, but they also take into account
a large number of the higher energy states which are infrequently excited,
even at high temperatures, and most of the very minor chemical components
of air are included. Therefore these works are among the most detalled
estinates for the thermodynamilc properties of alr which have been made.
Also it 1s not likely that these works will become obsolete, since the
values of all the important energy levels used in these calculations are
now qulite secure. However, 1t is desirable to have spproximate expres-
slons for these properties in closed form which can be solved without
iteration. Such solutions would be particularly veluable, for example,
in preparing tebles to be used with the method of characteristics for
calculating the flow of real air.
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In contrast to the fairly satisfactory state of development in
regard to thermodynemic properties, knowledge of the transport properties
of alr at high temperatures is in an elementary stage. 1t is generally
agreed. that an accurate calculation of {the transport properties should
be based on the rather rigorous theory of Chapman and Enskog for monstomic
gases (ref. 11). The extension of this theory glven by Wang-Cheng and
Unlenbeck (ref. 12) would be used for molecular gases with intermal
energy. For such celculations 1t is necessary to know the interaction
potentials which exist between the gas perticles so that the so-called
collision integrals car be calculated. Hirschfelder, Curtiss, and Bird
(ref. 13) have developed the theory of intermolecular collisions to ‘the
stage vhere the collision integrals and the transport properties of lnert
molecular gases can be calculated with good accuracy. However, when the
air dissociates, as it does at high temperatures, the atom-atom and atom-
molecule potentials are needed, and these are not sufficiently well known
to calculate the collision Integrals. At the present time, calculation
of the astom-atom and the atom-molecule potentials is being attempted by
quantum mechanical methods. However, 1t may be some time before these
solutions are available, and even when they are completed a formideble
obstacle to the calculation of the transport properties remains, This
occurs because two atoms may approsch each other along sny one of a num-
ber of potentisls, depending upon the principal quantum number of the
electrons and the spatial orientation of the electron spin and orbital
nomentum vectors at the time of collision. These potentials are quite -
different, some are partly attractlve and others are entirely repulsive.
The solutions for all of these potentials are implicit in the guantum
mechanical description of the problem. It is hoped that these potentials
might be welghted by thelr probebllities to yleld single effective poten-
tials for each species, for if the atoms which interact along each dif-
ferent potentisl must be treated as a separate species in the gas, the
calculetions of the transport properties will be lsborious indeed, even
wlth electronic computing. Problems of this type are further compounded
when temperatures are considered where the alr begins to ionize. TIn any
event, there is an urgent need for an estimate of the properties of air,
due to the demends created by the expanding vealm of very high-speed
flight. Therefore, an engineering approximation for the transport prop-
erties of high-temperature air would be valuable in the interim while
more exact solutions ere bheing prepared. IEven after more precise solu-
tions are availeble, an approximation giving the transport properties in
closed form will be Just as desirable as 1t is for the thermodynamic
properties of air,

In view of the needs outlined above, it is the purpose of this paper
to develop approximste expressions for the properties of air over the
renge of temperatures and pressures encountered by vehicles traversing
the atmosphere at speeds up to escape velocity.f The principle which shall
be used in deriving these expressions is that they shall be made as simple
‘THform{Es possibie.) For the Thermodynamic properties this is accomplished
5y'keepiﬁ§~§§I§FE55§3 terms which are necessary to yield a final result
within a few percent of the more exact solutions. The properties of air
which will be evaluated are the compressibility (i.e., the correction to
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the 1deal gas equation of state), the energy, enthalpy, entropy, specific
heat at constant pressure snd at constant density, the speed of sound,

the viscosity, thermsl conductivity, and the Prandtl number. All of

these properties will be evaluated for equilibrium conditions. Because

of the finite reaction rates, these values will doubtless need to be modi-
fled for processes which involve changes 1n stabte which are rapid compaxred
to the rate of gpproach to chemical equilibrium. Nonequilibrium effects
will probably be encountered in very high-altitude flight because the
approach to equilibrium is slow at the low pressures experienced there.
However, there 1is experimental evidence that equilibrium is essentially
reglized in flow of dissoclating air under conditions encountered in
flight at moderate altitudes and speeds (ref. 14). In addition,
Hirschfelder (ref. 15) has argued that heat transfer in pure conduction
processges will correspond to equilibrium values 1f the reaction rate in
one direction is rapid. Therefore, the thermodynamic and transport prop-
erties of alr which are based on equilibrium conditions should apply B
directly to some practical problems as well as being a convenient reference
for the nonequilibrium values,

SYMBOLS

&8 speed of sound (zero frequency)
a1 ,bg stoichiometric coefficients for components Aji and Bji
A4 ,By components of & chemical reaction .
¢ Sutherland's constant (eq. (58))
Ci specific heat per mol at constant density for component 1L
CP specific heat per mol at constant presgure
CP' partia; specific heat per mol at constant pressure,

) %(0+)

i
Cv specific heat per mol at constant density
D dissoclation energy per molecule, also diffusion coefficlent
Dy binary diffusion coefficlent for molecules of type i into

molecules of type J
e base of natural logarithms, also electron charge

e~ electron
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By
Eo

&1

energy per mol, also electric field strength
energy per mol of component 1
energy per mol at zero absolute temperature

degeneracy of the 1th state

degeneracy of the nth electronic state
Planck!s constant

enthaelpy per mol

enthalpy per mol of component 1

molecular moment of inertias, also ionizatlion energy per
molecule

resonance potential for ionization

rotational quentum number

Boltzmann constant, also thermal conductivibty

reference coefficient of thermel conductivity (eq. (77))

coefficient of thermal conductlivity due to moleculsr
collisions

coefficient of thermal conductivity due to chemical reaction
chemicel equilibrium constant for concentration units
chemical equilibrium constent for pressure units

partial Lewis number, E_E_M%L'

logarithm to the base e

mass of a gas particle

molecular weight per mol of component 1

mean molecular welght per mol of a gas mixbture

molecular welght per mol for undissociated molecules
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Po

(A1),
e
Pr

Prt
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vibrational quantum number, also electronic quantum number,
also concentration in moles per unit volume

concentration of components A4, Bi, ... 1n moles per unit
volume

nitrogen atom, also atoms In general -
Avagedro number, molecules per mol

nitrogen plus ion, also plus ions in general

nltrogen molecule

nitric oxide

oxygen atom

oxygen plus ion

oxygen molecule

pressure

reference pressure, 1 stmosphere

partial pressure of components Aj, By, ...

Cpn
Prandtl number, .7

1
partial Prandtl number, (_)_Iihﬂ
M{l

total partition function
translationel partition function
rotational partition function
vibrational partition function
electronic partitién funetion

total pertition function for a standard state of unlt

concentration, )
RT
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xj
x(A1) ...

total partition function for a standard state of unit
pressure, pQ

total partition functions for components Aj, Bi, ...

distance between atoms

distance between atoms where the potential is a miniwmum
universal gas constant, energy per mol deg

entropy per mol

entropy per mol of component 1 at 1 atmosphere pressure

collision cross section for umdissociated air molecules

colligion cross section for particle i with particle J

absolute temperature

mean molecular velocity for molecule type 1

mean molecular velocity for undissoclated air molecules
potential energy between gas particles

mol fractlon

mol fraction of component 1

mol fraction of component A4 ...

compressibllity, EM_O or &
PRT M

molecular symmetry number (equal 2 for homonuclear diatomic
molecules), also polarizability
Morse function constant (eq. (61))

ratio of specific heats, 9.05

fraction of molecules which are dissociated or of atoms
which are ionized
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energy of the ith state

energy of the nth electronlc state

dimensionless distance parsmeter, %L -1
e

coefficlent of viscosity

reference coefficlent of viscosity (eq. (67))
mean free path for molecule type 1
reference mean free path (eq. (71))
vibrational frequency

density of molecule type 1

reference density (eq. (70))

collision diameter
Subscripts

partial derivative at constént_pressure

partial derivetive at constant density

partial derivetive at constant entropy

indices referring to molecules type 1 and J

indices referring to the contribution of translational,

rotational, vibrational, and electronic energy modes,
respectively

THERMODYNAMIC PROPERTIES

As a preliminary, a brief review of some of the results of
statistical mechanics will be given. This will include the definitions
of the partition functions end will summsrize those relations between
these functions and the thermodynamic properties of gases which will be
used. in the apprcximstions to follow.
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Partition Functions

A1l of the thermodynamic properties of a gas may be calculated from
its partition fumction. Consequently, the first step in determining the
properties of alr is to calculate the partition functions for the
components in air. The partition function may be defined as

o . €4
Q= 2 gre | (1)
1=1

vwhere €4 1s the energy of the ith state of the gas particle and gj
1s the degeneracy, that is, the number of states of the particle which
have this seme energy level. The energy may be due to the translational,
rotational, or vibrational motion of the particle, or to the motion of
the electrons wlithin the particle. The temperatures being considered in
this peper are in a8ll cases low enough that the excited nuclear energy
states may be disregarded. The usual assumption is made that no coupling
exists between the different modes of energy. Then the partition function
may be expressed as the product

Q = QgQryQe (22)

The factors on the right side of equation (2a) are , respectively,
the partition functions associated with the translational, rotational,
vibrational, and electronic energy levels of the gas particle. Esach
factor is determined independently by an equation of the same form as

" equation (1). By the methods of statistical mechanics it is found that

for diatomic molecules these factors are:

8/2
Q = <2’§’1”§T = (2b)
o _ bB5(J+1)
Qp = Z (23+1)e sl 8"ZI]‘T (2¢)
J=0
Q= ) & K G O (29)
n=1

(2e)

£
1
]
%‘3

n=1
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The noteatlons used above are common ones end the derivation of the
equations may be found in sny standard text on statistical mechanics,

such as reference 16 or 17. For monatomic particles, which have no modes
of rotational or vibrational energy, the rotational and vibrational par-
tition functions take the velue unity. The translational and electronlc
partition functions for such particles take the same form as equations (2b)
and (2e), respectively.

Consistent with the stated purpose of thls paper, only those
exponential terms sgre included in the electronic partition function
(eq. (2e)) for which the energy levels, en, are less than six times kT
at the meximm temperature considered (15,000o K). Actually, the levels
are so wldely split in this range that the closest to thils cutoff is the
sixth state of the atomic nitrogen ion, just a little more than four
times XT at 15,000° K. h

Table I presents the atomic and moleculsr constants which were used
in calculating the partition functions. The moleculsr constants for
rotatlion, vibration, dissocistion energy, and electronic energy levels
were taken from Herzberg (ref. 3). The 9.76 electron-volt value for
nitrogen disgociation is used, and 1t is assumed that the rotational and
vibratlional constants for all excited electronic states are the same as
for the ground state. The atomic energy levels are taken from Moore
(ref. 18). The constants have been rounded off to the nearest 0.5 per-
cent, and the second snd third electronic energy levels of stomic nitro-
gen have been combined since they lie wlithin 0.5 percent of each other.
The same treatment appllies to the second and third electronic levels of
the atomic oxygen positive ion.

The functlons which are to be used directly in the calculations to
follow are the logerithms of the partition functions. From the partition
function constants (table I) and equations (2a) through (2e), these
functions become

_ 3880
mQ(N2)=.;’.mT-o.uz-zn 1-e T Y-mop (3a)

mQ(02)=g7,n‘I‘+O.ll-ln 1-e T Y4

mf 3+ 2e T 4 2 T - m g (3b)
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_ 228 _ 826
ZnQ,(O):-Z-ZnT+O.50+ m(5+ 3e T e T 4

_ 22800 - 48800
5 T 4+e T -mmp (3c)

_ 27700 _ 41500
ZnQ(N)=anT+O.30+Zn b+ 10e T 46e T -
(3a)
_ 88800 _ 58200
an(o+)=gznm+o.5o+m b+10 T 16 T -mop
(3e)
_ 70.8 _ lss.s
mQ(N+)=gznT+o.3o+zn 1+3 T 45 T 4
_ 22000 _ 47000 _ 87900
56 T +e T 415 T - lap (3£)
an,(e")=-2-?,nT-lll-.2}+—an (3g)

where T 1is the temperature In degrees Kelvin and p 18 given in
atmospheres.

It will be surmised that those components of alr which are not
represented by partition functions sbove are to be neglected in the
epproximations which are to follow. The absence of a partition function
for nitric oxide may be found surprising, but it will be seen later that,
to the order of accuracy belng considered here, the formstion of nitric
oxide may be neglected in computing thermodynemic properties over a wide
range of pressure and temperature conditions, including those conditions
which will generelly be encountered in high-speed flight through the
atmosphere. This occurs because NO has gbout the same thermodynemic
properties as an average for nitrogen and oxygen molecules, and the NO
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formation does not greatly influence the equilibrium mol fractions of
molecules and of atoms. The possible influence of nitric oxide on the
transport properties of air will be considered later.

Energy, Enthalpy, and Specific Heats for the
Components of Air .

According to statistical mechanics, the energy and enthalpy per mol
of pure gas are given by the following relations

L (1)

1
=

E:_‘E_Q=T<u_n_g
RT oT

o

{

=
ot
L;

(5)

il o <?_EE_3
RT oT b

The quentities @, and Q% are the partition functions for the standard
states of unit concentration and of unit pressure, respectively. These
are related to the total partition function by

Q (62)

Qe %
Qp = e (6b)

and _they are functlons only of tempersture so that it is their total
derivatives vhich are related to the energy and enthalpy as given in
equations (4) and (5). The quantity E, is a constant representing the
energy of the gas at zero absolute temperature. The choice of this level
-is arbitrary, but by convention |E, 1s taken as zerojfor the jm |
OF nitrogen end oxygen. Then Eo TOT UHe Heutral a%%ms is jus% ope palf
the energy of dissociation per mol of diatomic molecules, and for
the ionized atoms 1s the sum of this dissocistion energy and the energy

of ionization. With all the ionization energy sttributed to the ionized
atoms, E; for the electrons must be taken as zero, of course.

By definition the specific heats per mol of pure gas are
o, = (ﬁ) (7
o
H

Js)
- (SE
% BT>P (8)
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From equations (2a), (2b), (2e), (4), and (5) it 1s seen that the
energy and enthalpy per mol of gas due to tramslation and electronic
excltation are given by

n
€n "E
— gne
@ﬂ e (9)
RT tre 2 - EE .
gpe T
) - 6 -
e

and the specific heats given by equations (7) and (8) can be expressed

2
€n

O =
Z sne-ﬁ Zgne-_

@@,

Equations (9), (10), (11), and (12) give that part of the energy,
enthalpy, and the specific heats which is due to the translationsl end
electronic energy for either atoms or molecules. The contributions of
rotational and vibrational energy must also be included for the moleculsr
case, of course. According to equations (2c) and (24) the expression

-1
<§E>r+v'= I é% > (23)

should be added to equations (9) and (10) in order to obtain the total
energy and enthalpy for diatomic molecules, while

(11)

r\)lw

@, 3
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()m >+ (& )<s (14)

should be added to equations (11) and (12) to get the total specific
heats for these particles,

The entropy of a pure gas 1ls related to its partition function by

- ZnQ+T<—a-SZ;ll—Q->p (15)

] 1]

and from equations (5) and (6b), the entropy of the gas at unit pressure
may be expressed

6]

== Qp+ — H_Eo (16)

The calculated values of the partition functions for a standsrd
state of 1 atmosphere pressure, the energy, and the specific heat at
constant density for the major compounents of alr are given in teble II
in 500o K increments of temperature. The concentration standardized
partition functions, the enthalpy, entropy, and the specific heat at
constant pressure are not listed since they may be easily found from the
properties tabulated and equations (6), (10), (12), and (16). The tabu-
lated properties for each component are given for the range in tempera-
ture in vhich the component exists in air, at pressures between 0.0001
and 10C stmospheres, up to the maximum temperature considered, 15,000° X.
We shall now exemine how these values may be used in computing the

. thermodynamic properties of air.

Equilibrium Constants

In order to determine the egullibrium mol fractions for the components
of alr, it will be necesgary to calculate the equilibrium constants fox
the chemical reactlons. which occur. These chemical reactions may be
expressed in the general form

Za.iAi = ZbiBi (17)

where the Aj are the reactants, the B;j the products, and ai and by
are thelr respective stolchiometric coefficients. The pressure equilib-~
rium constant for this reaction is defined in terms of the partial

pressures
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OpPL(B -
K = b2 (18)
IIp (A1)
and it is related to the partition functions by (see ref. 16)
PV
mky=- 22+ Zbi m Qp(Bi)-E&j_  Qp(A1) (19)

where

AEq EzbiEo(Bi) - z a1Eo (A1)

1s the zero point energy of the products less the zero polnt energy of
the reactants, both referred to their standard states. The reactions
considered here are the dissoclation of molecular oxygen and of moleculsr
nitrogen and the lonization of atomic oxygen and of atomic nitrogen.
According to equation (19) and the partition function constants given in
table I, the equilibrium constants for these reactions are

n KP(OZ —=20) = - Z’iT&Q +2 m QP(O) - mn QP(Oa) (20a)
I Kp(Nz = 2N) = - -3-1—3T£°3 + 2 m Qp(N) - m Qp(Nz) (20D)

m Ky(0 = Otre”) = - -1—5§TL°°3 + m Qy(0%) + m qple”) - m Qy(0) ,
: 20c)
m Kp(N = Nrie™) = - .16_81@9 + m Qp(N") + m Qple”) - m Qp(N) )
204
The concentration equlilibrium constant is defined by
- H__nbi(Bi) (21)
In"t(4;)

where n(Aj) and n(Bj) are, respectively, the concentrations of the
chemical reactants and products. This quantity will also be needed for
subsequent calculations, and it is obtalned by replacing the pressure
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standardized partition fumctions, Qp, with the corresponding concentration

standardized partition functions, Q¢ (eqg. (19)). From equation (6) it
is seen that -

Zai-Ebi

= Kp(RT) (22)

The logarithmic derivatives of the equilibrium constents will also
be required later. From equations (5), (10), and (19) these become

i) (), L8, @

a
T mKP:Td;ITlK°+Zbi-Zai (24)

ar

The equlilibrium constants and thelr logarithmic derivatives for the
reactions represented by equations (20a) through (204) are listed as
functions of temperature in table ITI. These guantities will now be
used In calculating the component mol fractions and thelr derivatives.

Calculation of the Equilibrium Mol Frections
and Their Derivatives

The possibility that approximate solutions in closed form could be
obteined for the properties of air suggests itself upon examination of
the results of Gilmore (ref. 9). His tables of the composition of air
show that there are four chemical reactions of major importance. These
are the dissociation of molecular oxygen and of molecular nitrogen, and
the lonization of atomic oxygen and of atomic nitrogen.

0z =20 _(258)
N —> 2N : (25b)
0> 0t 4+ e (25¢)
N> N+ e (254)

With one exception, all other reactions which occur yleld component

concentrations vwhich are the order of 0.1 percent, or less, of the mejor
components given by the reactions above. The exception 1s the formation
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of nitric oxide, NO, vhich at sea level density may become as much as

10 percent of the air around 5000° X (see ref. 9). However, even this
much nitric oxide does not strongly influence the resulting thermodynamic
properties of alr, and at densities less than 0.0l normal sea level
density, where the NO 1s less than 1 percent, the effects are very
smell.

Two distinctive features of the chemical reactions given above are
observaeble from Gilmorel!s results. The first is that at all pressures
the dissociation of oxygen 1s essentially complete before the dissocia-
tion of nitrogen begins. This means that these two reactions can be
treated Independently for the purposes of our spproximation. The second
feature 1s that nitrogen and oxygen atoms ilonize at gbout the same tem-
perature and with about the same energy changes. (Note, e.g., the approx-
imate equality of the equilibrium constants for the two ionlzation
reactions, teble ITI.) Counsequently, it 1s possible to assume that once
alr is completely dissociated, all atoms constitute a single species
which has the population welighted average properties of the nitrogen and
oxygen atoms. Then the problem convenlently divides itself into three
cases, and in each case only three components of the air need to be con-
sidered simultaneously. These three cases are described as follows,
where the ratio of nitrogen to oxygen has been tsken as 4 to 1.

Case I.- At relatively low temperatures, the three components of
air which may exist simultaneously are molecular nitrogen, molecular
oxygen, and atomic oxygen. If € 1s the fraction of the initial number
of moles per unit volume which have become dissociated, then the partial
pressures for these three components may be expressed

p(Nz) = x(Na)p = 2;—2 D (26a)

x(0z)p = L2=€ p (26b)

p(02) Tre

p(0) = x(0)p = 25 p (26c)
l+e

where the x(A;) are the mol fractions of component Aj. It 1s assumed

that the gas components each behave like an ideal gas. Then the equation

of state is

P _Z8T
5= o (27)

vwhere the compressibility Z is 1 + € in this case. This quantity 2Z
is the total number of moles per initial mol of undissociated air. It
is also equal to the ratio of the initial molecular weight of
undissociated air to the mean molecular weight, M,/H.
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The equilibrium constent for the oxygen dissociation reaction is

_p2(0) _ Le2p
(02 =>20) = p(02)  (1+e)(0.2-¢) (28)

Then the fraction € 1s found by solving the quadratic eguation (28)

/ Iy
-0.8+ [0.64 + 0.8 l+—3>
K,/ -

€ = (29)
I
2 <?4—4£
Kp

The condition of no dissociation which occurs at low temperatures is,
of course, Jjust the limit of case I where ¢ 1is zero.

Cagse I1.- At intermediate temperatures the oxygen is completely
dissoclated and the nitrogen dlssoclation commences. For this case, €
will be defined as the fraction of the initial air which dissoclates into
nitrogen atoms. Then the compressibility Z 1is 1.2 + € for this case,
and the partial pressures of the components are

x(Ng)p = &8¢ 5 (30=a)

p(W
2) l.24€-

p(N)

x(®p = 2 p ~ (30m)

p(0) = x(0)p

]
n

0.4
—_— 0
1.2+€ P : (3 c)

The equilibrium constant for the nitrogen dissoclation reaction is

p2(N) Le2p
p(N2)  (L.2+€)(0.8-¢)

Kp(Na - 2N) = (31)

vhence ¢ is given by

-o.u+f>.16 + 3.8k 1+%
€ = (32)

2 <1+1%’
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Cage IIT.- At high temperatures, the dissociation of nitrogen is
also complete, and the ionization of the atoms begins. For this case
we assume that the atoms are a single homogeneous species symbolized
by N. The term € will now be the fraction of the stoms which have
been ionized, and then the partial pressures become

p(N) =x(N)p==—01p (33a)

p(nt)

x(N)p = -]:—e P (331)

- ___€'_ e
x(e")p = T P (33c)

p(e)

Note that the compressibility Z 1in this case is 2(1l+e). The ionization
reaction equilibrium constant is

o) - P()p(e”)  e3p
Kp(N = Nt4e™) = = S e (34)
and then € Dbecomes
- L
=)
¢ - (1 . %) (35)

The derivatives of the mol fraction compressibility products, Zxi,
will be needed in addition to the mol fractions. For case I, from
equations (28), (26a), (26b), and (26c) it is seen that

[az’a‘To ]P -2 (& A (37)
=] o G_”

- -P
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where the subscript p refers to the fact that the partlael derivatlves
are taken at constant pressure., In order to find these same partial
derivatives at constant density, the equllibrium constant is expressed
in concentration units

- he2n _ ke o 40
Ko(0g > 20) (1+e) (0.2-€) 0O.2-¢ M, ()
whence _
d mXe (o 1 3
== () (3), .

and the mol fraction derivatives at constant density take the same form
as equations (37), (38), and (39) except that the quantity (Be/BT)P is
replaced by the quantity (Be/BT)p found in equation (Ll). For case II
a similar set of equations for the derivatives occurs

d mKy, /(2 1

ar (e T.ore | 0.8- e>< ) (42a)
d mK

aT = = (g 0. g-e) ) (h2p)
dzx(N) _ _ _ 5 ¢
B_Z§T<_<_>l =0 | (L)

Finally, for case III, the equations are

1
__n_Kn 2. L. L %) (458)
d InK 2 1 S
“'arg=<z+'i:;<'a—§p (5v)
ozx(N") _ dzx(e”) _ _ dzx(W) _ , 3

2 L oZx(N) _ , d¢ | (46)

vwhere, as before, the partial derivatives are given for constant pressure
or for constant density depending on the corresponding partiasl derivstive
of € which is used. With these quantities in hand we are in position
to calculate the energy, specific heat, entropy, and the speed of sound
for air,
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Energy, Specific Heat, Entropy, and Speed of Sound
for Alr in BEquilibrium

The energy per mol of air is simply the sum

E = ZXiEi (11'7)
i

where the Ei are the energy per mol for component 1. Generslly in
serodynsmic problems the energy per fixed mass of gas 1s_needed rather
then the energy per mol. The mass of gas in a mol of undissociated air
(29 gm) will be used as the constant reference quantity for this purpose.
Then, in dimensionless form, the energy per mol of 1nitially undissoclated
air is

m_ Y\, B
ITT"szi RT (48)

vhile the dimensionless enthalpy per 1lnitisl mol of air becomes

ZH _ZE (L9)

= _2Z, 7

RT RT

The compressibility, Z, and the dimensionless emnergy, ZE/RT, which
have been calculated from the preceding equations, are listed in
tables IV(a) end IV(bY and are graphed as functions of temperature in
figures 1 and 2. The enthalpy is easily obtained from these values via
equation (49). At this point it is desirable to compare the calculations
of references 9 and 10 with the results obtained above. It is not possi-
ble to compare the numerical results directly since both references 9
and 10 present the properties of alr as functions of tempersture at con-
stant density rather than at constant pressure as 1s done here. However,
the results of these two references are the same, and reference 10 tabu-
lates the properties in close enough intervals so that constant pressure
values can be obtalned fairly accurately by interpolation. The wvalues
for compresslibility and energy interpolated from reference 10 agree with
the approximate solutions within 5 percent in all cases, and generally
within 2 percent, so that on the scale of figures 1 and 2 the differences
are hardly discernible. In view of thils agreement, it is concluded that
the solutions presented here are useful approximstions for the thermody-
namic properties of air. Therefore we shall proceed to use those approx-
imations to calculate the entropy, specific heats, and speed of sound in
air.

The entropy per initiel mol of alr is simply obtained from the
entropies of the components of air through the relation
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5 . _
s _g ZXi—i-ZH %y - o2 (50)
R T R T ) - pO'

vhere ©po 1s the reference pressure for the standard state, in this case,
1 atmosphere. The entropy values are listed in table IV(c) and are shown

graphically in figure 3.

It is necessary to take ‘the derivatives of the products ZE and ZH
for specific heats if the latter are to have their usual meanings, thsat
is, the change in energy which occurs in a fixed mass of gas per degree
temperature change. Thus the constant density specific heat per initisl
mol of alr 1s given by

_%@_z_E _Zin—-+TZ<><aZX> (51)

where Cq4 1s the derivative of energy for component 1, that is, dEi/aT.
The corresponding specific heat for constant pressure is given by

() T ()oY ), om

The specific heats celculated from equations (51) and (52) are
listed in tables IV(d) and IV(e). It may be noted that when chemical
reactions occur, the difference between the specific heats per mol is
not equal to the gas constant, as in an ideal gas, but is given by

T Hy in> By /0Zx4
-l =1 - — | —
( + 5 Z > BT \ 37 /, (53)

Both of the specific heat functions have the same general features.
These features are illustrated in figure L4 where the specific heat 'at
constant density is glven as a function of temperature for pressures
of 0.0001, 0.01, and 1 atmosphere. At low temperature Cy Increases
from 5/2 R to 7/2 R as the vibrational modes of emergy become excited.
Then, with inereasing temperature, the specific heat goes through three
distinct maxims where the chemical components change most rapidly with
temperature; the first meximum is due to the oxygen dissoclation reaction,
the second to the nitrogen dissociation, and: the third to the ionization
reactions. As pressure decreases, these maxims increase in sharpness and
in magnitude and they shift to lower temperatures. It has been pointed
out (ref. 16) that the values determined from the partition functions
cannot be highly accurate because the second derivatives of the partition

.
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functions are required, and the error in neglecting higher order terms
is magnified in the process. However, the curves of figure b would
merely be shifted slightly in temperature and have somevhat different
peak values if the calculations were more exact. Certainly the qualita-
tive features of the specific heats should be correctly given.

The specific heat values determined gbove enable us to calculate
the speed of sound in air. This speed of sound will be defined by

| oo (%) -

that is, the limiting value as the frequency of sound approaches zero.
The pertial derivative given in equation (54) will not be calculated
directly, since it is not convenient to treat the entropy as an inde-
pendent varisble which cen be held constant (see eq. (50)). However,
equation (54) may be transformed with perfect generality into the form

o2 =y $>T (55)

where y 1s the ratio of the specific heats, Cp/Cy. Eguation (55) is,

in turn, equivalent to
a2 = -y @E (56)

&),

which, from the equation of state (eq. (27)), mey be expressed in terms
of variables which have already been celculsted

3@
o]

By R (57)

SRS 1C)
1+ =(=
z \3T/,

The dimensionless speed of sound parameter, a2p/p, is listed in table IV(F)
and is plotted as a function of temperature in figure 5. The second term
on the right side of equation (57) ie generally near unity, so that fig-
ure 5 is also indicative of the variation in ¢ with tempersture.

The range of pressgure and temperature in which the dissociation of
oxygen, the dissociatlion of nitrogen, and the ionization of atoms are the
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important chemical reactions 1s indicated by dividing table IV into the

reglons case I, case II, and case III, respectively. Figure 6 presents

the same information in a graphical form from which i1t is convenient to ~
Judge the chemical state of air for a gilven pressure and tempersture.

It will be noted that boundasries between the chemical reactions corre-

spond to end points in the characteristic cycles that occur in the

thermodynamic perameters graphed in figures 1 through 5.

Aerodynamic Considerations

The thermodynaniic properties obtained at this point are those
required to perform celculations of inviscid air-flow problems by the
method of characteristics. These properties are given for a range of
temperature from 500° to 15,0000 K and of pressure from 0.0001L to -
100 atmospheres. It is of interest now to exemine the altitude and
velocity at which these conditions will occur in flight. A grid of the
pressure and temperature at the stagnation polnt of a body in flight is
shown in figure T as a function of flight altitude and velocity. The
stagnation enthalpy per unit mess was simply teken as one half the veloc-
ity squared, and the stagnation pressure was related to the static pres-
sure (and thus to altitude) with the results of Feldman (ref. 19), who
computed the pressure ratio developed across normel shock waves in sair N
at various altitudes. Generally lower temperastures and pressures will
be attained at reglons other than the stagnation reglon, so the range of
these variables will be adequate for such cases also, At very low pres-
sures, such as occur at high altitudes or in expanded flow reglions, aero-
dynamic effects msy often be disregarded. However, 1f necessary, the
approximations of this report may be extended to pressures below 0.0001
atmosphere. It is nobt advisable to extend them to pressures much greater
than 100 atmospheres, since there occurs an Increasing overlap of the
chemical reactions in alr as pressure increases and, in addition, the
nitric oxide becomes such & large component of the air that it must be
consldered: As a result of this overlap in the chemlcal reactions, the
.calculated properties of alr show lrregulerities in the region of transi-
tlion from one reaction to another. 8Slight lrregularities can be observed
at the transition regions for 10 and 100 atmosphere pressures (figs. 1
through 4), for example. However, the deviations are small at these pres-
sures and it can be seen from flgure 7 that the thermodynamic propertles
of alr can be closely gpproximated in closed form over the range of con-
ditions of current interest in aerodynamics. Some of the results of these
gpproximgtions willl next be used in estimating the transport properties
of high-tempersture air. B ' i )
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TRANSPORT PROPERTIES

Collision Cross Sections

Consider first some qualitative aspects of the collisions between gas
particles. The particle trejectories are influenced by a potential U
which is negligible at long range, which may be attractive or repulsive
at intermediste range, but vwhich always becomes strongly repulsive at
very short range. A particle with kinetic energy kT will not be greatly
deflected 1if it passes only through that part of the potential field
where [Ul << kKT. On the other hand, the particle will be deflected appre-
clably if it passes where'lUI >> kT. " The direction of the deflection is
unimportant so far as transport properties are concerned, for it is the
absolute value of the deflectlon which determines the change in mass,
momentum, and energy fluxes caused by the collision. To & first approxi-
mation, the absolute value of this deflection 1s independent of the sign
of the potential and the effective collision dismeter o 1is the order
of the largest distance where U = zkT. The effectlive collision cross
section S will be defined as no2.

In the rigorous treatment of the transport properties of gases, the
effective collision cross section S 1s found to be an integral function
of the deflection angles produced by & colliision, and this integral is a
function of the relative velocity of the colliding particles. The
so-called "ecollision integral® is a function of temperature only which
is S +times a velocity function integrated over a1l velocities. Thus
the collision integral may be thought of as an average effective colli-
slon cross section, and the transport coefficients can be related directly
to these integrals. However, not all the interparticle potentials have
been developed which are needed to calculate the collision integrasls for
alr. In the present paper then, plausible estimstes of the effective
collision cross sections will be used to determine the mean free paths
for hard elastic spheres, and for such particles the transport coeffi-
cients can be related to these mean free paths (ref. i). The effects of
the interaction potentials will be taken Into account by letting the
spherical cross sections be appropriate functions of temperature.

The effective cross sections for collisions between diatomic
molecules can be obtained quite accurately by the collision integral
method. However, at high temperatures, the very steep repulsive portion
of the intermolecular potential is penetrated so that the molecules do
behave essentially like hard spheres. Consistent with the approximations
which are to follow, it will be sufficient to use the Sutherlend formla
for the molecular cross section So

So C
—_— =1 4+ ~

where C is 112° K and S,, the molecular cross section at infinite
temperature, is 3.14x10~1Scm2.
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For stomic collislons, the picture is complicated by the fact that
two atoms mey approach each other along any one of a number of potentisals.
For example, the potentials between two nor-
mal nitrogen atoms are shown qualitatively
in sketch (a) (see ref. 3). The lowest lying
of these potentlals, designated Up, has the
lowest total electron spin and it is the one
normally responsible for the vibrational
energy levels observed in the stable molec-
ular state. Therefore Uy can be expressed
quantitatively from experimental spectro-
scoplc data. Unfortunately, the higher lying
potentials for the atoms in alr are not kmown
quantitatively at present, so we are reduced
to estimating an average collision cross
section for gll of the potentials by means
of the known lowest lying potential Up.

For thls purpose 1t is assumed that the
collision diemeters o are given by

U(r)

P> )i N N VU

[}
|
.
Te r

Sketch (a)

Up(o) = ~kT (59)
and these dlameters will be used to evaluate the coefficlents of momentum
end energy transfer. A somewhat deeper penetration of the potential 1s
normally required for a collision to affect the particle flux, so that
the diameters o' +which will be used to evaluate the diffusion
coefficlents are assumed to be given by

Uo(o') = -2kT | (60)

It may be pointed out thet Hirschfelder and Eliason (ref. 20) have
examined the relation between values of the transport coefficlents given
by the hard sphere model and by the more rigorocus collision integral
method. They find that U(c) and U(c') are sbout -0.6kT for a wide vari-
ety of attractive potentials, that U(o) i1s about 0.9kT and U(o!) is
about 1.6KkT for a similar variety of repulsive potentials. If all the
interparticle potentials were known, it would be simple to use these
criterie to obtain a weighted average collision diemeter. All the poten-
tials are known for two normal hydrogen atoms (ref. 21) and it is found
for this case that equations (59) amnd (60) yield values for o and o!
which asgree with the welghted average collision diameters within 8 per-
cent over the range of temperatures from 1000° to 15,000° XK. Of course,
there is no assursnce that these same relations will hold as closely for
collisions between the atoms in air. In fact the average collision dlem-
eters for normal oxygen and nitrogen stoms will probably be overestimated
by equations (59) and (60), since the shallow intermediate potentials
(such as U; and Us, sketch (a)) must be considered for these atoms,
whereas they do not occur for hydrogen. The effect of these intermediate
potentials will be partly compensated for by the fact that some of the
atoms will be in excited electronic states which have collision diameters
the order of three times larger then the normal atoms (ref. 20). The
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fraction of atoms in excited states is small over most of the temperature
and pressure range considered so that collisions between excited parti-
cles are relatively rare. The encounters between an excited and a normal
atom are the ones which significantly influence the mean free paths, and
the cross sections for such collisions are about four times normal. The
fraction of each constituent in alr which is excited is listed as a
function of tempersture in the following table:

o Fraction of Fraction of Fraction of

Oﬁ oxygen atoms nitrogen atoms lonized atoms
excited excited excited

4,000 0.002 0.002

6,000 .013 .025 0.012
8,000 ° .032 .081 .032
10,000 .055 - .153 : .060
12,000 .079 .228 .089
14,000 .120

The first two excited states of atomic oxygen and of the atomic nitrogen
plus ion are very close to the ground state (see table I) and so they
have not been counted as excited states. It can be seen that the frac-
tion of excited particles in alr will generally be less than 10 percent
and in the very worst case consldered sbout 20 percent of the atoms will
be excited. This occurs at 100 atmospheres pressure where the ionization
reaction is repressed until temperatures beyond 12,000° K are reached and
23 percent of the nitrogen and 8 percent of the oxygen atoms are excited.
For a pure gas in which excited particles have three times normal colli-
sion diameters, the average mean free path is decreased 28 percent when
10 percent of the particles are excited, and is decreased 45 percent

when 20 percent of the particles are excited. Thus the error introduced
by neglecting the long-range forces of the excited atoms is probably the
same order of megnitude and opposite in effect to the uncertainties caused
by neglecting the shortened range of the shallow, intermediste collision -
potentials.

The lowest lying atom-atom potentials may be approximated by the

Morse function
2
Uy =D [(1 - e-BC> —l] (61)

where D 1s the dissociation energy emd € is the dimensionless distance
paremeter (r/re-1); re is the interatomic distance at which Uy, is a
minimum (sketch (a)); B is a constant related to the vibrational fre-
quency v of the stable molecule and is given by v(x2L/2D)1/2, Although
the Morse function is not very accurate at long ranges, it wlll be needed
only at rather hi temperatures where the potential is falrly well
described for IUb > ¥T, The Morse function constants were taken from
Herzberg (ref. 3) and these are listed in the following table:
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Atomic Dék, 8 Te,
particles K angstroms
0-0 59,000(3.24| 1.207
N-N 113,200}2.96| 1.09k
N-O 75,400(3.18} 1.151
0-0F 75,200(3.18| 1.123
N-N+ 101,200]2.94] 1.126

From equations (59) and (61), the momentum and energy transfer
collision diameter ¢ 1s given by

.lgz=1-szn<-/1-5DT-) (62a)

and by equations (60) and (61l) the diffusion collision diameter o' is

given by
ot _ 1. - ’] _ 2T
1 B In <, | ) (62b)

The atom-molecule collision diameters will be taken as the arithmetic
average of the atom-atom and of the molecule-molecule collislon diameters.
This assumption corresponds to the concept that the collision diameter is
a measure of the effective range of the electron distribution about the
molecule or atom, and that a collision occurs whenever these electron
distributions overlap.

With the onset of iomization, several additional types of collisions
must be considered. These are the ion-atom, electron-atom, and the lon-
ion, ion-electron, or electron-electron collisions. The ion-atom colli-
sions may be treated in the same menner as the atom-atom collisions, since
the spectroscoplc data for ionlzed molecules are available to be used in
setting up the Morse potential function between the ion and the neutral
atom. The Morse function constants for these cases, which occur in air,
are also listed in the preceding table, The lon-ion, lon-electron, and
electron-electron collision diameters all depend on long range electro-
static forcées of identical magnitude. The criterion for the collision
diameter will be taken as hefore !U(d)| = kT. The function U 4in this
case is Jjust the coulomb potential between two charges, and the collision
diaemeter thus becomes

(63)

&%
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For electron-atom collisions, the atom will be polarized by the
approach of the electron and there will result a charge~dipole type inter-
action. In order to calculate the magnitude of this interaction, the
polarizabllity of the stom, o, will be needed. The polarizabllity is
defined as the dipole moment produced in the atom by an electric field, E,
of unit strength. The interaction energy of the induced dipole moment
with the field is oE2/2, and when the field due to the presence of the
electron is substituted for E, this energy becomes

2q, *
U=-== 6l
s (64)

It will be noted that the polarizabilility need not be known with
great precision, since the collision dlameter depends only on the fourth
root of this quantity. Experimental values of polarizabllity are only
given for the molecular state of oxygen and nitrogen. However, Joos
(ref. 22) gives an approximate method of calculating the polarizebility
of atoms in alternating fields which, extrapolated to steady state fields,
becomes

2
he
o =1 (2 (65)

where m 1in thls case is the mass of an electron and I, i1s the
resonance potential for ionization of the atom. This resonance potential
is 9.11 e.v. for oxygen atoms and 10.28 e.v. for nitrogen atoms (ref. 23).
Using these values, one finds the polarizebility is 13.2x10~ 253 and
10.3x1072%m3 for oxygen and nitrogen atoms, respectively.

The collision diameters will embter the calculastions to follow in
the form of a rsbtic with the collislon diameter for two diatomic molecules
at the same temperature. These ratios were calculated by the methods
outlined sbove for those collisions which occur between the major cam-
ponents in high-temperature air. The resulis are given in table V as
funections of temperature. Wherever two or more types of collision give
the same result within 5 percent, there is not much point to considering
them separately, in view of the other spproximations involved. There-
fore, for such cases, the values have been weighted and averaged, and
only those final averages are given in teble V., The atom-molecule cross
sections S(05-0), S(N=-N), and S(N5-0) are very close and these are all
designated by the single symbol S(N--N). Similerly the atom-atom and
atom-ion cross sections S(0-0), S(N-N), S(N-0), s(N-N'), and S(0-0%)
are all grouped under the notation S(N-N). The atom-electron cross
sections S(N-e) and S(0-e) are given the single average value listed
under S(N-e). In the same way, 8ll the atom-molecule and atom-atom
diffusion cross sections are given by S'(No-N) and S!'(N-N), respectively.
In view of the order of the spproximations involved, the electron-atom
cross sections for diffusion are not differentiated from the cross
sections for momentum and energy transport.
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Viscosity

The viscoslty of alr wlll be calculated from the simple summation
formula for a mixture of hard spherical molecules

n = g—z— Zpiui-)\i <66)
1 R

In view of the other approximstions involved, & more sophisticated
formulation than this does not seem warranted. The constant 5ﬂ/32 is
chosen to agree with the value which accounts for the persistence in
velocity of the higher speed molecules (ref. 1). It will be convenient
to use, as a reference value, the viscosity which alr would have at the
same temperature if the molecules dild not dissociate or ionize

= 2%
Mo % Po%%ro (67?

In cgs units, this reference viscosity becomes

T
o = l.462x1075 VT @ | (68)

where T d1is the absolute temperature in degrees Kelvin. The ratio of
mean velocities 1s

M. 1% 6
=% (69)

and the ratio of densities, where the total number of moles per unit
volume 1is the same, is .

Py Mi
B 70)
Py M i . (

Under these same condltions, that is, the same mol concentration, the
ratio of mean free paths is (ref. 1)

1/2
M
% g 1+ ﬁl
Do _ Sidy g 1
M. zx'j Bo 2 (72)
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Then the ratio of viscosity to the reference viscosity becomes

A MM
%-Z/MoxiM (12)
i

Before equation (71l) can be applied to the case where ionization
occurs, 1t must be observed that the atom-electron collisions are not
to be counted in evaluating the atom mean free paths, nor are the lon-
electron collisions to be counted in evaluating the ion mean free paths.
This is because the mean free path which occurs in the derivation of
viscoslty is the mean distance between those cdllisions which cause a
relatively large change in momentum of the particle belng considered,
elther in direction or in magnitude. Normally all collisions qualify
in this sense, but when a heevy particle like an atom or an ion collides
with an extremely light particle like an electron, there is practically
no change In the momentum of the heavy particle, and this momentum is
carried intect to the first collision with another heavy particle.

A feature of the ionized gas which should be mentiored is that charged
particles under the influence of coulomb potentials may be deflected by
the cumulative effect of many long-range collisions. Then, as pointed out
by Cohen, Spitzer, and Routly (ref. 24), the effective collision cross
section is larger than for a single collision at short range. However,

e charge-shielding effect limits the range of the coulomb potentisl and
where charge density 1s large the correction to the collision cross sec-
tion is small. For the range of variables treated here, collisions with
neutral particles generally predominate when the charge density is small.
Thus, in the first approximation, the mean free path is considered to be
a consequence of single, independent collisions as in equation (71).

The coefficients of viscosity for high-tempersture sir have heen
calculated from equations (68), (T1), and (72) and the results are pre-
sented in table VI(a) and in figure 8. The terms in the summation of
equation (72) will also be used in the evaluation of the coefficient of
thermal conductivity which follows.

Thermal Conductivity

A theory for the thermal conductivity of a chemically reacting gas
was perhaps first outlined by Nernst (ref. 25). The form in which this
theory has been developed by Hirschfelder (ref. 15) will be used here to
calculate the conductivity of high-temperature air. In this theory the
energy transfer through the gas is treated in two independent parts. The
first part is the energy transferred by molecular collisions, and this
mode of enmergy transfer is the one responsible for the ordinary thermsl
conductivity of nonreaecting gases, The second part is the energy trans-
ferred by diffusion of the molecular species and the resctions which
occur as the gas tends to maintain itself in chemical equilibrium at each
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point. We shall first turn atvtentlion to the calculstion of energy
transferred by molecular collisions. If one invokee Eucken's assumption
(ref. 26), that the internal energy is distributed among the gas particles
independently of their velocilty distribution, then the simple linearized
expression for the coefficient of thermal conductivity in a mixed gas
becomes

iy = 22 PuiMi<5ct+Cint>i (73)
1

vhere Ci 1s the specific heat per mol due to translational energy
end  Cynt the specific heat due to the intermal enmergy. It is noted
that

= (Ct + Cint)y (7k)
and
Gy =2R (75)
whence equation (73) becomes
b= 2 ) prush T o (78)
n =43 ) 1N L g

It will be convenient to define a reference coefficient of thermsal
conductivity Just as was done for the viscosity, that is, the value alr
would have if it did not vibrate, dissoclate, or ionize, This coefficient
will be

ko = T Mg o (17
or in cgs units
= 1.364 Joule
Ko 3 o cm~-sec 9K (78)

vhere 1, 1is in gm/cm-sec.

The ratlio of the thermal conductivity coefficient to the reference
coefficient becomes
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The first factors in each term are Just the terms already calculated for
the viscoslity. It may be noted that the same collisions sre to be neg-
lected In this case as for viscoslty. This 1s because these electron-
atom and electron-ion collisions have only a small effect on the magnitude
and direction for the emergy flux vector of the heavy particles. Actually,
all of the electron collisions could have been neglected for the purpose
of computing viscosity, for the electrons carry a negligible fraction of
the total momentum transferred, due to thelr small mass. However, because
of its high velocity, an electron transports a large share of the kinetie
energy, in fact much more than & heavier gas particle. Therefore the

heat conduction terms for the electrons are needed in equation (79).

The second mode of energy transfer, which takes place whenever the
gas undergoes a chemical reaction, is due to the dlffusion of the chemical
species. These particles then react with one another, giving off or
absorbing the heat of reaction and causing heat transfer which may be
considerably larger than the ordinary heat transfer due to molecular
collisions. Hirschfelder (ref. 15) has formulated this problem, but in
terms of the multicomponent diffusion coefficilients which are difficult
to estimate. However, Butler and Broksw (ref. 27) have shown how
Hirschfelder's results can be modified to make use of the binary diffu-
sion ccefficlents instead, and their solutione are in convenient form
for computational purposes. Moreover, Butler and Brokaw show that
Hirschfelder!s method of predicting thermal conductivity agrees very well
with the experimental results for a number of gases which dissociate or
react chemlecally at ordinary temperatures., Therefore we shell be able
to apply this method with some confidence. That part of the coefficlent
of thermal conductivity which is due to the chemlcal reaction will be
designated k,., and according to the results of reference 27, thils may
be expressed as

2
R (T EE.‘EE)
ar
Ky =
&1
—— (ajxj-a

Z; }: D7 y%1 ( iXj-a3%i)
i d

where Diy 1s the binary diffusion coefficient for molecules of type 1
into molecules of type J, and the a3 are the stolchiometric coefficients
of components Aj 1in the chemical reaction written in the form

(80)
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z agh; =0 (81)
1

According to reference 1, the bilnary diffusion coefficients are given by

_ MM a2 g .
nD - 4[—'< M;+My (RT)lfz SiJ (82)

Now the reference coefficlent of thermal conductivity (eq. (77)) can be

put in the form
SNT R [ RT
- —— 8
ko 6L NoSo N Mo (83)

Substituting equation (82) in equetion (80) end dividing by equation (83),
one obtains

2
1242 sznxp>
95 &

N TN,
-8.5%4 )
ZZ [MO(M1+MJ) So *1i TR

In order to simplify the computations somewhet, the differences in
mass between oxygen and nitrogen atoms will be neglected. Then, since
some of the collision cross sections msy also be glven the same value,
the double summations in the denominstor of equation (84) take on the
relatively simple foxrm as follows:

(8k)

cﬂ:

For tase I (oxygen dissociation reaction only)

ZZ 8 (Np-) [ [x(0)+2x(02)1% | x(Wa)] . _ () (85)
38 U x(0)x(0)  x(0) ] JEx(0z)

for case II (nitrogen dissociation reaction only)

-
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ZZ St (Na-N) [x(N)+2x(Nz) 12 L x0) ) s (M) 2¢(0)

x(W) x(Nz) x(Nz) - So x(N)
(86)
and finally for case IIT (ionization reaction only)
1 8t( N-N) 1 8'(W-e7)] [x(W)+x(nt)1®
Z 2 [ "33 s :\ (M =(F) &7

The total coefficlent of thermal conductivity is just the sum, kptkr.
The values of this sum were calculated for air and the results are pre-
sented in table VI(b) and graphed in figure 9. The coefficient of thermal
conductivity has about the same functional features with respect to tem-
perature and pressure that were observed for the specific heat (fig. L).
The Prandtl numbers were calculated from the relation

r =200 - ch> 1/% (88)

-_
Mk

and they are listed in table VI(c) and are graphed as functions of
temperature in figure 10.

As noted, nitrogen and oxygen have approximately equal collision
cross sections, so that up to the point where ionization begins, air can
be trested essentially as a two-component mixture of atoms and molecules.
Then it is possible to characterize the system with a single diffusion
coefficient, and the differential equations of fluid flow may be analyzed
while keeping the terms describing heat transfer by chemical reactlon
separate from the terms describing ordinary thermal conduction. This
method is followed, for example, by Fay and Riddell (ref. 28) in their
analysis for the heat transfer to the stagnation region of blunt bodies
in high-speed flight. 1In using such en analysis, it must be realized
that the thermodynemic and transport coefficients are defined somewhat
differently than in the present paper. The coefficlients which appear
in reference 28 will be called the “partial coefficients" and they will
be designated here by & superscript prime. The partial specific heat,
the partial coefficient of thermal conductivity, the partial Prandtl num-
ber, and the partiasl Lewls number, respectively, are related to the
quantities deflined in thls paper as follows:
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~
CP’ =ZX1(Ci+l)
k' = ky
Pr! = E:Ln > (89)
Mk
Let = 2%
Mk! J

The partisl Lewis number, Le', appears as a coefficlent for the
chemical reaction terms in reference 28. The diffusion coefficient D
is the ordinary binary diffusion coefficient Dy given by equation (82),
and from equstion (83) a dimensionless group is

ZDeR St (No-N) T
0 = 0.309 [——s: ] (90)

The Lewls number is convenliently calculated from the expression

. _ ZDoR ZCp' /R
Let = RNy, T (91)

Table VII 1lists the calculated values for the partisl coefficients
ZC,' /R, kn/ko, Pr', and Le'. The numbers Pr' and Le' are also graphed
as” functions of tempersture in figure 11. The partial coefficlients are
not glven for temperatures where ionization ceccurs becsuse the sir is
then at least a three-component system (neutral atoms, lonized atoms,
and electrons) and the partial coefficients, as defined, do not apply to
this case. It can be seen that Pr' is a relatively constant quantity
with an average value about 0.72. The partial Lewls number, on the other
hand, decreases as dissociation proceeds to campletion. From the result
that the partial Prandtl number is approximately constant, it follows
that the factor ' /Mk* decreases as 7~1. - The factor Dp/M increases
at about the same rate (see eq. (82) or P90)), and the product of these
two factors is relatively constant; thus the partial Lewlis number varies
approximately as M, that i1s, it decreases by a factor of about 2, from
about 1.4 to 0.6.

A 1ist of conversion factors is glven in table VIII for convenience
in converting the tabulated and graphed perameters into dimensioned units.
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DISCUSSION OF RESULTS

It is convenlent to summarize the physical processes which influence
the transport properties of eir in a discussion of the variations in
Prandtl number with temperature. At low temperatures the air is like &
pure diatomic gas with a specific heat about 7/2 R. From equation (88),
the Prandtl mumber for such a gas is 14/19 or 0.Th. As temperature
increases, vibrational energy 1s excited in the molecules so that
approaches 9/2 R, while from equation (76) the thermal conductivity
approaches (23 /11-5 (Rny/Mo). For this limit the Prandtl number becomes
18/23 or 0.78.

At still higher 2 ZCp

temperatures the oxygen 7R
dissociates and both )
Cp and k go through

the pronounced maxima
shown in figures 4
and 9. To a first
approximation, k i1s
about proportional

to Just as for a
nonreacting gas. How-
ever, due to the influ-

ence of the chemical Pr= lg: (ﬂ) K
reaction, the maximum ! 7R k/ko
in Xk occurs at 0
slightly lower temper- Temperature, T

atures than the maximum Sketch (b)

in specific heat as

indicated in sketch (b). The viscosity coefficient is not greatly influ-
enced by the oxygen dissoclation, so from equation (88) it is apparent
that the Prandtl number will follow ean S shaped function as shown in
sketch (b). This shape for the function can be seen in the curves of
figure 10.

1L.O4

At the temperature where oxygen dissociation is essentially complete
and nitrogen dissociation has not yet begun, the Prandtl number can be
calculated for a two-component mixture from the known conditions that
the mol fractions are x; = 2/3 and xp = 1/3 and that the molecular
welghts are related by M; = 2M, (where subscript 1 refers to nitrogen
molecules and subscript 2 to oxygen atoms). If the collision cross
sections are all assumed equal, the mean free paths are related by

Ao _han6

(92)
AL 2443
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Then the Prandtl number becomes

1+

GIONCE) Bikaa 4 RV
%g 15 x;)

which checks closely wlth the values for Prandtl number showa in figure 10
at the transitions from oxygen to nitrogen dissociation.

=
ol 2187

As nitrogen dissocistion proceeds, the Prandtl number agein follows
an S shaped function of temperature for the same reasons which were
outlined for oxygen dissociastion (sketch (b)). The fully dissociated
alr is like a pure monatomlic gas with CP about 5/2 R and k equal
15/% (Rq/M), so that the Prandtl number approaches 2/3. The Prandtl
nunbers of figure 10 go through this value of _2/3 at a tempersture where
the dissociation is essentially complete but the ionization is still
negligible (Z = 2, fig. 1).

Up to this point, the Prandtl numbers lie within the range from 0.6
to 1.0 in agreement with the conclusions of reference 29. However, when
ionization begins, the Prandtl number msy drop to somewhat lower values.
For very small degrees of ionization it can be shown that the ratio of
electron to atom mean free path is about NZ and that the coefficient of
viscosity is influenced very little by the presence of the electrons.
However, the thermal conductivity is greatly increased by the electrons
because of their high thermal veloclity, and the effect is illustrated in
figure 9 by the abrupt chenge in slope for k where the ionization reac-
tion first begins. If the fraction of ionization, e, is so small .that
chemical reaction terms may be neglected "

1R /%)
k o 1 <l + € . (9%)

where M; 1is the atom mass and My the electron mass, It cen be seen
that k J.ncreases rapidly with the onset of ifonlzation becsuse the
factor (2My/Mo)/2 is large, about 230. Accordingly the Prandtl number
1ls found to vary as

-1

DO-CR220- B “mhm @
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A very small value of e 1s sufficient to reduce the Prandtl number
considerably below 2/3, the value for a pure monatomic gas. As the
ionization proéeeds, however, the chemical resction terms which were
omitted in equations (94) and (95) become predominent such that

becomes approximately proportional to k again, and the Prandtl number
levels out at about 0.3 as shown in figure 10. At this point another
factor gradually predominstes, namely the decrease in coefficient of
viscosity which occurs as the mean free paths become very short as a
result of the long range coulomb forces acting on the charged gas parti-
cles. Consider, for example, the completely lonized gas. The mol frac-
tion of ions (subscript 1) equals the mol fraction of electrons
(subscript 2) and the collision cross sections are gbout equal. Then
the ratio of mean free paths is

Az N2

AL 1+42

(96)

vhere, as before, the electron collisions d@oc not coumt toward the ion
mean free paths. The ratio k/n is approximately gliven by

k,1bR_43 M (97)

and with Cp/ﬁ about 5R/M1, the Prandtl number becomes very small

_c%£~51_+:j_5 ¥2 _ o.omk (98)

T3 N2 My

as shown In figure 10, With the assumption that the Prandtl number
retalns its usual significance, boundary-layer regions in highly ionized
flow should be much better heat conductors than in the flow of neutral
gas particles., This result is of theoretical interest even though fully
ionized air flow will not be obtained at flight velocities below escape
speed (figs. 6 and 7).

The Prandtl number functions of figure 10 are similar to those
predicted by Kaeppeler and Krause (ref. 30). Their calculations were
based on the low value for nitrogen dissoclation energy and so the pres-
ent estimstes exhibit more distinctly separate maxims. This is because
of the separation between the dissociation reactions which occurs when
the higher value for nltrogen dissociation energy is used. Greifinger
(ref. 31) has also made some estimstes for the tramsport properties of
air at high temperatures. He assumes constant collision cross sections
in a manner such that, up to the point where ionization begins, his calcu-~
lated Prandt]l. number is a constant lacking the structure shown in fig-
ure 10. However, reference 31 predicts the same order of effect due to
ionization which has been discussed here.
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Recall that the nltric oxide in air has been neglected and that the
calculated thermodynamic properties of alr are not greatly affected by
this omission. It 1s not obvious that the transport properties of aixr
will be simlilarly independent of NO formation, since NO 1s lonlzed
rather easily compared to N, and Oy molecules, Practically all of the
electrons vwhich appear in alr at intermediate temperatures come from
the NO ionization reaction. However, Gllmore finds that the quantity
of such electrons is very small, the order of 0.0l percent or less (ref. 9),
and from equations (9&) and (955 it can be Jjudged that this amount is not
yet sufficlent to alter greatly the transport properties of air.

At present there are no direct measurements of the trasmnsport
properties for air gt the high temperatures considered here. One experi-
mental comparison which can be made st the moment is to inesert the calcu-
lated coefficients into a theory for the heat transfer to a simple
serodynamic shape, and then compare the resulte with measured heat-
transfer rates, For example, reference 32 compares the values for heat
flux to the stagnation region of a blunt body in high-energy air flow
which were measured by Rose and Riddell (ref. 33) with the theoretical
predictions based on the transport coefficients developed in the present
report. It is found that the calculated heat flux deviates less than
10 percent from the mean of the measured deta. This is a favorable result
in view of the approximations lnvolved in the theory and of the scatter
in the experimental dsta (the order of *20 percent). It should be empha-
slzed that this comparison is not a sufficient test for the relisbllity
of the calculated transport coefficients, as it is possible that errors
in the coefficients compensate for each other or for approximations in
the hest-transfer analysis. Nevertheless, the favorable comparison 1s
reassuring inasmuch as it means that at least a necessary condition for
the correctness of the theories is fulfilled.

CONCLUDING REMARKS

In conclusion, the thermodynamic properties (including compressibility,
energy, entropy, specific heat, and the speed of sound) and the transport
properties (the coefficients of viscosity and thermal conductivity and
the Prandtl number) have been estimated for air at high temperatures.
These estimetes were made from spproximetions in closed form, and 1t is
found thet these spproximetions give falrly accurately the thermodynamic
properties over the range of pressures and temperstures for flight through
the atmosphere. The transport properties were calculated by methods which
have gilven reasonably good results for gases at ordinary temperatures and
for gases which dissociate and react chemically. Moreover, the values
calculated for the transport properties can be used to predict the same
order of heating rates that have been measured at the stagnation region
of blunt bodies in high-energy alr flow. Therefore it is concluded that
the results presented in this paper are uséfﬁl engineering spproximations
for the properties of high-temperature air. -In particular, it is an
advantage that the solutions asppear in closed form because the functional
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relationships can be visualized. In addition the alr properties can
conveniently be computed in very small intervals to give tables that can
be used in obtaining solutions to real air flow by the method of char-
acteristics, or for numerical solutions of boundary-layer flow. It 1s
expected that the calculated coefficients of viscosity and thermal con-
ductivity will prove to be lower bounds to more precise calculations or
measuremnents. The prediction that the Prandil number for highly ionized
flow will be small compared to unity is of interest, for it implies that
boundary-leyer reglons in such a gas will be very transparent to heat
flux,

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Nov. 18, 1957
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TABLE I.- PARTTIION FUNCTION CONSTANTS FOR THE MAJUR COMPONENTS OF AIR
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TARTE ITT.- IOGARTTHMS OF TEE CHEMICAL EQUILTBRTUM CONSTANTS AND THEIR DFRIVATIVES
FCOR THE MAJOR REACTIONS IN AIR
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TABLE V.- COLLISION CROSS SECTIONS

T, Sos in |S(No-N) [S(N-N} {S(N-e) |S(e-e) |St (No-N) | ST (N-N)
°k [107%€ em2|T s So So So So So
500 38.4 0.946 |0.89k 0.877 0.761
1,000 3%k.9 .920 | .838 .843 .703
1,500 33.7 .889 | .T785 .817 .652
2,000 33.2 .886 | .T42 .T94 611
2,500 32.8 .8h6 | .705 T75 .578
3,000 32.6 .830 | .676 .759 .551
3,500 32.4 .815 | .650 .Th5 .527
4,000 32.3 .803 | .628 .733 .507
4,500 32.2 .792 | .608 .T22 .189
5,000 32.1 782 | 591 | . 712 k73
5,500 32.0 T73 1 575 {0.397 |89.9 . 703 458
6,000 32.0 764 | 561} .380 |75.6 .695 A5
6,500 31.9 LT5T | .58 | .366 [64.5 .688 .433
7,000 31.9 750 1 536 | .353 |55.7 .681 o2
7,500 31.9 Th3 | .52k | .3h2 |48.6 .67 412
8,000 31.8 .T737 | .51k | .331 [42.8 .668 Jho2
8,500 31.8 <731 | .504 | .32L {37.9 .662 .393
9,000 31.8 725 | 495 [ .313 [33.8 657 .385
9,500 31.8 720 | 486 | .30k [30.4 .652 377
10,000 31.8 LT15 | 478 | 297 (27.4 647 .370
10,500 31.7 .T710 | 470 | .290 }2k.9 .6L2 .363
11,000 31.7 .706 | 463 | .283 |22.7 .637 .356
11,500 31.7 LT0L | .56 | .281 [20.8 .633 .350
12,000 31.7 697 | .48 | .270.]19.09 .629 342
12,500 31.7 .693 | kL3 } .266 |17.60 .625 | .338
13,000 31.7 .689 | 437 | .261 [16.27 .621 .332
13,500 31.7 431 | .256 |15.10 .327
14,000 31.7 LA426 | L2522 |1h.0k .322
14,500 31.6 420 | .247 [13.09 .316
15,000 31.6 415 | .23 |12.2h .312

S(No-N) = S(05-0) = S(N--0)

S(N-N) = S(0-0) = S(¥-0) = s8(N-N*) = 8(0-0%)
..S(N-e-) = 8(0-e~)—

8! (Nz-N) = 8! (05-0) = S'(N3-0)

8'(N-N) = s'(0-0) = S*'(N-0) = s'(N-N") = st(0-0%)
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TABLE VI.- TRANSPORT PROPERTIES OF ATR

(a) Coefficient of viscosity
. Reference
Ratio n/ng coefficient,
gﬁ Pressure, atmospheres Nos in 10

1b sec gn
100 | 10 1.0 | 0.1 | 0.01 [0.001 |0.000L | £t |cm-sec
500]1.000[1.000[1.000}1.000}1.000 |1.000 |1.000 }0.558 267
1,000}1.000{1.000 {1,000 }1.000|1.000 [1..000 [1.000 .868 416
1,500}1.000|1.000 {1.000{1.000{1.000 {1.000 }1.000 |1.100 527
2,000}1.000]1.000}1.000}1.000{1.000 |1.000 }1.000 |}1.293 619
2,50041.000{1.000 [1.000|1.000|1.000 }1.000 [1.000 |1.461 700
3,000§1.000}1.000{1.000}1.000{1.000 [1.000 |1.000 |1.612 772
3,500}1.000|1.001]1.003}1.006|1.010 {1.010 }{1.011 |1.751 838
4,000{1.003[1.008 |1.016}1.020}1.022 [1.024 [1.032 |1.879 899
4,500}1.010}1.022}1.029}1.033}1.038 }1.055 |1.096 | 1.999 957
5,000}1.02211.036{1.043|1.051{1.074 |1.128 [1.18L |2.11 1011
5,500}1.036|1.05211.060]1.086|1.146 [1.209 |1.227 |2.22 1062
6,000]1.050}1.067[1.090|1.148|1.228 |1.257 |1.259 |2.32 1112
6,500{1.072{1.090(1.139{1.229(1.276 [1.289 |1L.277 {2.42 1159
7,000]1.089|1.124|1.208 |1.294(1.317 |1.309 {1.273 |2.52 1204
7,500|1.112|1.175(|1.283]1.332{1.342 |1.315 |1.221 |2.6L 1247
8,00011.143}1.238(1.342}1.371|1.355 |1.291 [1.086 |2.69 1289
8,500}1.185{1.30711.386|1.392}1.354 |1.220 | .841 [2.78 1330
9,000}1.238}1.368|1.4251.405]1.328 }J1.085 | .534 |2.86 1370
9,500)1.298 |1.418 |1. k7]l bok|1.267 | .87L | .280 |2.94 1408
10,000}1.361{1.468{1.460|1.389|1.162 | .615 | .1397 | 3.02 1446
10,500 1.418|1.497|1.467|1.352|1.004 | .384% | .0788 | 3.10 1482
11,000]1.467}1.515|1.464[1.287) .806 | .226 | .0556 |3.17 1518
11,500}1.509(1.529 |1.450{1.190| .597 | .1362} .0466 | 3.2L 1552
12,000§1.549|1.5431.425|1.065} .415 | .0930| .0k35 }3.31 1586
12,500}1.577|1.542(1.376| .908| .279 | .0688| .0436 | 3.38 1620
13,000}1.592]1.539}1.312} . 741} .1918| .0598| .0453 | 3.45 1652
13,500}1.617]1.52811.230| .580}| .1363} .0569} .O4T1 | 3.52 1684
14,000§1.628|1.508|1.129| .L4k3| .1061} .0572] .0506 | 3.58 1716
14,500{1.631|1.460] .968| .306| .0843| .0576| .0543 | 3.65 17hT
15,000}1.6L40})1.436] .882] .254) .0615] .0598} .0581 | 3.7L 1777
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TABIE VI.- TRANSPORT PROPERTIES OF ATR - Continued
(b) Coefficient of thermsl conductivity

Reference

Ratio k/ko coefficient,

7, kg, in 1078

Pressure, atmospheres

Btu watt
10 1.0 0.1 | 0.01 0.0001 |ft sec °R|em %K
500 1.021| 1.021| 1.021| 1.021 1.021 5.84 364
1,000 1.100| 1.100} 1.100| 1.100 1.100 9.10 567
1,500 1.150} 1.150] 1.150| 1.150 1.150| 11.53 719
2,000 1.177| L.177| 1.251| 1.460{ 2.09 3.99 13.55 8Lk
2,500 1.317| 1.619] 2.50 | k.63 | 7.67 5.50 15.31 954
3,000 1.928f 3.20 | 5.48 | 5.02 | 2.19 14651 16.90 1053
3,500 3.15 | k.72 | 3.96 | 1.719} 2.11 3.7L 18.35 1143
4,000( 2. 3.9k } 2.99 | 1.600f 2.91 | 6.04 | 15.03 19.69 1227
4,500 3.22 | 3.06 | L.714| 3.32 | 7.34% |L7.65 | 30.5 21.0 1305
5,000} 3.07 | 1.997{ 3.29 | 7.18 |16.63 [25.8 11.8% 22.1 1379
5,500 2.46 | 2.91 | 5.99 |13.71 {22.2 [11.40 3.5k 23.3 1khg
6,000| 1.930f{ 4.53 [10.19 |18.74 |13.09 | 3.96 7.30 24.3 1516
6,500| 3.35 | 6.98 |1k.50 [15.39 | 5.49 | 7.18 | 1Lk.69 25.4 1580
7,000| 4,69 | 9.97 {15.69 | 8.32 | 3.28 |[12.82 | 29.0 26.4 1642
7,500 6.31 [12.48 [12.24 | 5.92 {10.47 [22.3 54.3 27.3 1701
8,000| 8.21 |13.19 |} 7.80 | 3.k2 |16.37 |37.5 87.6 28.2 1759
8,500} 9.86 {11.55 | 5.10 |11.99 }|25.0 |[|59.3 |[110.9 29.1 181k
9,000{10.90 | 8.79 | 3.26 {16.83 [37.5 |82.k 97.5 30.0 1868
3,500(10.88 | 6.38 |10.09 |23.6 |52.8 [96.5 59.1 30.8 1921
10,000| 9.87 { %4.07 [15.4% {32.0 [69.0 [90.3 30.2 31.6 1972
10,500 8.33 |11.18 |19.84 (k1.8 |81.2 |[64.9 16.5k 32.14 2020
11,000| 6.8% |13.44 {25.1 [52.9 ]83.7 [40.0 11.41 33.2 2070
11,500} 5.59 t16.25 [3L.2 |63.2 |[Th.2 [24.9 9.54 34.0 2120
12,000} k.79 |19.56 |38.2 |{70.9 |[57.6 |17.18 8.98 34,7 2160
12,500| 3.34 |23.0 [45.0 |[73.2 jkl.k [13.07 9.08 35.5 2210
13,000}11.11 {27.0 [52.2 |69.8 |29.6 |11.67 9.50 36.2 2250
13,500(17.62 {31L.3 |[58.2 |[61.5 |22.0 |11.37 9.98 36.9 2300
14,000(20.0 [35.7 [62.6 |[51.1 |17.92 |11.61 | 10.73 37.6 2340
14,500123.3 (k2.1 [65.3 [38.7 }i5.2k |11.93 | 1l1.51 38.2 2380
15,000(25.3 {45.3 |64.2 [33.1 |lo.T72 {12.52 | 12.31 38.9 2420
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TABLE VI.- TRANSPORT PROPERTIES OF ATR - Concluded

(c) Prandtl number
T, Pressure, atmospheres
°K 100 | 10 1.0 | 0.1 0.01 [0.001 }0.000L
500 [0.738]0.738}0.73810.738 |0.738 [0.738 [0.738
1,000} . 756} .T56] .756| .56 | .56 | .756 | .T56
1,500 767} .767| 767} 767 | .T6T | -T6T | -T67
2,000 773} 773} .773| 766 | .72k | 668 | .614
2,500| .762f 751} 696 .645 | 611 | .654 | .TTL
3,000} .70} .680) .62T7] .636 | .40 | .TH5 | Tk
3,500| .678} .631] .660| .74k | .T737 | .658 | .606
L,000} .640| 662} .T62] .759 | .619 | .580 | .587
4,500 .654| .743| .752) 610 | .578 | .611 | .76k
5,000| 702} .767| .611{ .58L | .624 | .799 | .993
5,500 .T48} .620] .583| .617 | .785 | .989 | .87L
6,000 .763| .592| .602{ .736 | .969 | .891 | .38k
6,500] .610} .592| .673} .906 | .955 | .383 | .348
7,000} .593| .620} .796] .986 | .830 | .346 | .337
7,500| .595] .688} .927) .969 | .350 | .334 | .330
8,000 .620f .788| .983| .648 | .332 | .328 | .316
8,500| .666] .891| .943] .335 | .324 | .321 | .276
9,000} .730}f .961} .80T7| .321L | .320 | .307 | .1987
9,500| .806] .966| .330} .31k4 | .316 | .273 | .1i40
10,000| .886| .872| .308| .310 | .313 | .210 | .057T
10,500} .937| .310{ .301} .309 | .284 | .1hk27] .0312
11,000} .955| .29k| .296| .303 | .246 | .0870| .0207
11,500 | .9k7| .28k} .295| .293 | .1945| .0503| .0157
12,000 .908} .277}| .293| .276 | .1k09] .0321| .0132
12,500| .728} .272| .290} .250 | .0949| .0213| .0120
13,000| .275| .272] .284| .215 | .0634| .0166] .0115
13,500| .251| .270} .276} .1733| .Okl6} .01k2| .0109
14,000} .245]1 .269| .263| .1338| .0293} .0130| .0109
14,500 .241] .265| .237| .0903| .0202} .0119| .0109
15,000 | .238] .263| .220}f .0719| .0119| .0114| .0109
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TABLE VII.- PARTIAL COEFFICIENTS

23

kp
(b) Thermal conduetivity ratio, B

Pressure, atmospheres
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TABLE VIT.- PARTTIAL COEFFICIENTS - Concluded

(c) Prendtl mumber, Pr (d) Lewils number, Le'
Pressure, atmospheres Pressure, atmospheres

10 | 1.0 0.1 | 0.0L]|0.00L{0.000L)] 100 ] 210 | 1.0 0.1 | 0.01|0.001|C.000L

0.773}0.772{0.772]0.772 1.355]1.355(1.346]1.335

STT50.TTh | LT73) TT0) .763] 750 11.40811.%071.40411.391)1,355]1.233]1.172

STITE -TT31 -762] 747 739 -738 (1.44501.437|1.40501,327(1.213|1. 157} 1. 1h7

LSTT2) 756 LT L7381 L7384 L734 (1.k6h1.42h.320{1.227]1.1671.154)1.103

L ,000 CT581 LTA3 ] .T738) .T26] .729| 7T [L.Bh901.347(1.225|1,180|1.144]1.130}1.051

,500 STHT] .T391 .732] -725] 7081 .683 (1.404|1.2651.196|1.160(1.104| .998] .T86

5,000 .T391 .732) .723} .70k| .682] .683 |L.327|1.215(1.158]1.105] .970| .70} .609

5,500 .732| .72h{ .T05| .684| .686] .69h |1.268|1.167(1.115| .982} .762| .610| .580

6,000( .T24 . 709) .687) .691] .697 1.235/1.131/1.019| .808} .628| .578
6,500 .T15| .693]| .689] .703 ] 1.158|1.071} .885| .669] .588
7,000 .700| .684| .703| 710l 1.118| .9T5| .T46] .605| .574
T220P - .690| .696} .710] 1.059| .860] .652] .587
8,000 690 .TA0| 21 ! 979 .756] .601| .570
8,500 .693| .T719 .893| .669} .5T0
9,000 -T0T} -T3k .805] .618] .56T
9,500 Rrab . .T726) .58k
10,000 725 .662| .558

10,500 .618
11,000 585
11,500 .564
12,000 531
12,500 525

(4

OCTH NI VOVN




TABLE VIII.- CONVERSION FACTORS
By To get In
0.28686 T gKK% cal /am
0.287 m oule
0.0686 T (°R) Inexgy or enthalpy Btldl/l'b ﬁls
1716 T (°R) £t-1b/slug
o B
. oule/gm
0.0686 Entropy or speclfic heat Btu/1b massI%R
176 £t-1b /fsiug °R
N1
1.46ex10™8 pi/2 Kl + 3-1—"1)
gmn/cm-sec
(T in °K) Coefficlent of
2,28x10™8 m1/2 (1 + 202) viscosity
(T . OR) T, ib Eec/f'cp
6 mi/a( 112y
L. 7651078 T (1 + T) onl
{T in OK) cl-goan o-..
1.,99lx10™5 /2 (1 + ”"’—) wabt
cm i
X ;]‘;E (T 1n °K) -1 Coefficlent of
ks ks o ;_I_Oxlo=5 Tll'E /l 202\ thermal conductivity
- \*+ ) Btu
(T 41n OR) ft-gec R
-1
-8 mi/2 202
1.867x107" T (1 + ££-11
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Figure .- Compressibllity of alr as a function of
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